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Abstract

The present work investigates the cationic distribution of a complex CuS compound
belonging to a promising class of materials with significant prospects for thermoelectric
generator and photovoltaic applications. We propose the use of powder resonant X-ray
scattering in a combinatorial experimental approach with X-ray and single crystal X-ray
diffraction, as a valid, general, and practical method to unravel the complex cation ordering
encountered in the synthetic germanite CuyFesGesSs,. The generation and testing of all the
possible structural models is rapid and rigorous as it is based on two modules written in
python language: a module that takes care of model creation and ordering (permutation
algorithm associated with some filtering and ordering algorithms) and a python parser for
the refinement software (FullProf) input and output. Each possible cationic model is tested
through combined Rietveld refinement of resonant X-ray data at selected edges and
analyzed considering its global x> (Bragg contribution) agreement factor. This approach
can easily integrate information coming from other techniques, as in our case EXAFS
spectroscopy and single crystal X-ray diffraction.

In spite of the complexity of the germanite, we were able to define the main characteristics
of the cationic ordering (space group P43n): (i) the “interstitial” site 2a is fully occupied
by Fe, (ii) Ge is located only on the 6d site (or the symmetry equivalent one 6¢), (iii)
remaining Fe atoms are located preferentially on the 12f site and possibly on the 6d (or 6¢)
site along with Ge. Moreover, we single out a probable enrichment of Ge at the expense of
Fe. The approach developed in this case study can be used as a guideline for the crystal
structure resolution of analogous compounds.



1. INTRODUCTION

Thermoelectric (TE) generators are all-solid-state devices that enable the conversion of
heat, including heat losses, into electricity thanks to the Seebeck effect. Although the TE
technology has been continuously growing driven by the necessity of a more efficient
energy generation, nowadays TE still remains a niche technology due to the combined
environmental and economic constraints.!? In contrast, ternary/quaternary Cu-rich sulfides
can provide an eco-friendly low-cost alternative with relative high thermoelectric
performance as prototypical bornite CusFeSa,>~¢ famatinite CuzSbSa,”® tetrahedrites Cuio-
«IxSbaS13 (T = 3d metal)*'? and colusites Cuz6T>2MeS32 (T = Ti, V, Nb, Ta, Cr, Mo, W; M
= Ge, Sn, Sb),'*20 or more specific materials as mawsonite CugFe2SnSg,?! stannoidite
CusFe3SnzSi2,21%2 talnakhite CugFesSi6,2® renierite CuzoZnoFesGesS32>* and germanite
CuxnFesGesS32.232 Most of these materials present the characteristic to be superstructures
of sphalerite-type framework “ZnS” (zinc blende)?’ and the presence of several metallic
cations presenting a low contrast for X-rays, especially when oxidation state is taken into
account, e.g. Cu'!, Zn*? and Ge™, all 34'° cations.

Structures derived from the zinc blende framework could be represented as cationic and
sulfur interpenetrating face centered cubic (fcc) sublattices, translated by a [ V4, V4, Y4] vector.
The diffraction pattern of such materials presents a first set of very intense reflections,
corresponding to the average zinc blend structure, and a second set of small intensity
reflections originating from the supplementary modulation induced by the cationic
ordering and/or the occupation of “interstitial” sites.

Although the cationic lattice arrangement effects on the global diffraction pattern are
generally quite small, they play a fundamental role in the thermoelectric properties. Indeed,
it was shown many times that crystal chemistry and long-range order/disorder phenomena
could strongly affect the electronic and thermal properties of the materials. 72837 For
example, it was shown many times that cationic distribution and long-range order/disorder
phenomena could strongly affect the electronic!®?226-353840  and  thermal
properties!>17222740  of gphalerite derivative Cu-based sulfide materials through
modification of the chemical bonding and Cu-S conductive network3”#!

As a consequence, the knowledge of the exact crystal structure is essential for the
understanding and improvement of the thermoelectric properties of the materials. However,
in some cases, the determination of the crystal structure and/or cationic distribution is made
particularly difficult by: (i) the absence of single crystals in the case of samples prepared
by mechanical alloying; (ii) the small contrast between cations having similar atomic
numbers and/or close neutron scattering lengths; (iv) possible presence of magnetic order;
(ii1) similar cationic site environments; (iv) mixed occupancy of the cationic sites.

This is the case of synthetic germanite CuxFesGesSs» elaborated by a combined
mechanical alloying and spark plasma sintering process,?® for which the cationic
distribution ([Cuz]24[Cus]ec[FeaT>]6a[ Cuiz]izFeaGeaT 2 ]se, with (i) T=Cu and T’ = Ge, or
(ii) 7 = Ge and T’ = Cu) was estimated by Pavan Kumar et al.?% on the basis of crystal
chemistry consideration, °’Fe Mdssbauer spectroscopy data and starting from the structural
model reported by Tettenhorst and Corbato ([Cuz]24[Cus]ec[Cus]sa[ Cuiz]izfFesGes]se) for
mineral germanite CuzsFesGesS32.4> However, both models led to poor agreement factors
for the analysis of synthetic single crystal and for powder diffraction refinements inducing



doubt on the correctness of their hypothesis. This justified the reinterpretation of the >’Fe
Méssbauer spectra of synthetic germanite CuzFesGesS32 2

In order to investigate such controversy, resonant X-ray scattering is the method of choice.
Indeed, it is able to increase the scattering contrast of elements with similar atomic numbers
and, consequently, to probe the crystal structure of complex inorganic materials on both
single crystal**=*" and powder samples.**->7 The principle of the method is conceptually
simple, the scattering contrast between the atoms is improved by the variation of
“anomalous” dispersion factors f” and f*’ near the X-ray absorption edge of a given element
without changing any structural parameter.

Thanks to such simplicity, this principle is at the base of one of the most diffused methods
for ab-initio structure determination in biological crystallography as the multi-wavelength
anomalous dispersion (MAD).’3%° However, although quite a few experiments were
performed,*”>461-63 jts use is more limited in solid state chemistry. This is probably related
to the constraints induced by the coexistence of different “heavy” atoms, the concurrence
of other available methods, its relative experimental complexity (i.e. the absorption edges
of elements that could fall outside the optimized energy range of synchrotron beamlines,
the different fluorescence and absorption contribution).6+53

In this work, we propose the use of powder resonant X-ray scattering in a combinatorial
experimental approach with X-ray and single crystal X-ray diffraction, as a valid, general,
and practical method to unravel the complex cation ordering encountered in the synthetic
germanite CuxFesGesS32. This approach developed in this case study can be used as a
guideline for the crystal structure resolution of analogous compounds.

2. EXPERIMENTAL

Synthesis. A sample of synthetic germanite Cux2FesGesS32 was produced by sealed
tube following the conditions reported by Paradis-Fortin et al.®® Cu (99 at.%, Alfa Aesar),
Fe (99.5 at.%, Alfa Aesar), Ge (99.999 at.%, Alfa Aesar) and S (99.5 at.%, Alfa Aesar).
All commercial powders were stored and manipulated in a glove box under argon
atmosphere. The powders were weighed in a stoichiometric ratio (22Cu: 8Fe: 4Ge: 325)
and ground together in an agate mortar. Many 1.5 g batches of powder were then pressed
into 5 mm diameter pellets. The pellets were placed in silica tubes (gext = 8§ mm, @int = 6
mm) evacuated down to a pressure inferior to 10 mbar from an argon atmosphere. The
sealed tubes were then placed in tubular furnaces in vertical position with a heating rate of
2 K min'! and a plateau at 973 K for 24 h. The samples were cooled down at 773 K by
switching off the heat power and using the thermal inertia of the furnace to limit the cooling
rate, and then air quenched.

X-ray powder diffraction. High-resolution data were collected using a Bruker DS
Advance Vario 1 fitted with a two-circle diffractometer (0-260 Bragg-Brentano mode)
equipped with a Cu Kq1 X-ray tube, a Ge [111] monochromator and a LynxEye detector.

Single crystal X-ray diffraction. The single crystal XRD data were acquired on a
specimen found in a powder sample produced by solid state synthesis. The data
acquisitions were performed at 300 K using a Bruker APEX-II diffractometer equipped
with CCD detector using Mo Ko radiation (A = 0.71073 A) at the Institut Jean Lamour of
Nancy. Cell refinement and data reduction were carried out with the APEX2 Software.5’



X-ray absorption spectroscopy. X-ray absorption spectroscopy (XAS) measurements
were carried out at room temperature in transmission mode at the K-edge of Ge (11103
eV), Cu (8979 eV) and Fe (7112 eV) at the beamline SAMBA (Spectroscopies Applied to
Materials Based on Absorption) at Soleil Synchrotron, France (Proposal 20200538).
Radiation coming from a bending magnet source was monochromatized by a Si(220) fixed
exit sagittally-focusing double-crystal monochromator. Harmonic rejection has been
performed by the use of a couple of mirrors that also focused vertically the monochromatic
beam. At the sample position, the spot area was 300 x 300 um?. The measurements were
collected during continuous monochromator scans monitoring, incident, and transmitted
X-ray flux by opportunely filled Oxford ionization chambers.®® During measurement, a
reference sample has been simultaneously measured with residual photons of the second
ionization chamber for energy calibration. The amount of sample and the thickness of the
pellet were optimized in order to have a proper XAS signal. The calculated amount of each
sample was ground, mixed with cellulose, and then compacted into a pellet. The Extended
X-ray Absorption Fine Structure (EXAFS) signal treatment was performed according to
standard procedures: subtraction of the pre-edge and post-edge backgrounds, edge
normalization, extraction of EXAFS signal y(k) and its Fourier transformation, which
provides a map in the real space of the distribution of the distances R around the absorber
atom. Demeter software package was used to perform data treatment and fitting.”

Resonant scattering. The resonant scattering experiments were performed on CRISTAL
beamline at SOLEIL light source facility, Saclay, France (Proposal 20181273). The
diffractograms of germanite CuxFesGesS;2 were measured on powder samples in
capillaries. All powders were sieved with 100 um cloth sieves prior to fill the borosilicate
capillaries (Dexternat = 0.3 mm) with opportune dilution to minimize absorption correction.
The acquisitions were performed on a Debye-Sherrer geometry two-circles diffractometer
positioned at the end of the beamline. The patterns were collected by a set of 21 crystal
analyzer detectors Si(111) for high-resolution measurement or by nine MYTHEN 1D-strip
detectors for resonant data (angular range 0 - 115° in 20 with a step size of ~0.004°). The
calibrated energy and resonant factors f/”” were calculated from an X-ray absorption spectra
of the germanite sample obtained by a synchronous scan of the monochromator and the
undulator gap, while incoming X-ray and fluorescence were monitored by an ionization
chamber and a silicon drift detector. Then, the /” and f”” factors were calculated from the
X-ray absorption cross-section and by a Kramers-Kronig relation, using the code kkcale.”!
The final scattering factor would be the scattering factor for neutral atoms adjusted by
resonant correction factors.

3. RESULTS AND DISCUSSION

Synthetic germanite CuxFesGesS32 is a particular case in which many of the difficulties
that could be present in cationic distribution determination are coexisting: (i) the atomic
form factor of the constituent cations of the material are very similar for each of the more
diffuse probe in scattering experiments (neutron and X-ray) Table S1; (ii) all cations are in
the same chemical environment (a tetrahedra of sulfur atoms) i.e. reducing the possible
contribution of other complementary techniques; (iii) the material stoichiometry in relation



with the multiplicity of the crystallographic sites implies the presence of mixed site
occupancy (iv) Mdssbauer spectroscopy suggests the presence of magnetic ordering.?*
Such reasons justified the application of resonant X-ray scattering in its most performing
approach. While most of X-ray scattering experiments can be performed relatively far from
the edges (100 eV or more) and using dispersion factors f” and f*’ obtained by the
interpolation of the tabulated values’, in cases such as germanite, where achieving high
contrast is mandatory, such conditions are not sufficient. Indeed, it is necessary to collect
data close to the absorption edges, and to use an experimental setup limiting the effects of
fluorescence emission and sample absorption on the data quality. In such a case, the " and
/7 tabulated values are no more valid and both values must be calculated from a XANES
spectra of the studied sample.”® Obviously, when X-absorption spectra collected presents
a good quality (like the present case) it is important to fully exploit this technique that
presents strong complementarity with crystal diffraction.

3.1. X-RAY ABSORBTION

XAS spectra of synthetic germanite CuxFesGesS32 have been collected at Ge, Cu and Fe
K-edges. Although the principal motivation was to obtain accurate dispersion factors, the
spectra have been analyzed to be used as a complementary technique of characterization.
In Figure 1 part a) the three represented spectra are normalized and energy shifted in respect
to the edge jump. The edge positions (11109 eV for Ge, 8983 eV for Cu, 7116.5 eV for Fe)
and the shape of the spectra correspond closely with the one measured on natural samples,’*
confirming the oxidation state +4 for Ge, +3 for Fe, and a majority of +1 for Cu, with all
three cations in tetrahedral environments of sulfur. Unfortunately, for sphalerite derivate,
the spectral shape is dominated by long range interaction” that tends to hide cation
ordering as attested by the similar spectra observed among copper sulfide minerals.”*76
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Figure 1. Part a) normalized XANES spectra of germanite at Ge, Cu and Fe K-edges.
Parts b), c¢), d) Fourier transform of experimental EXAFS signal (black square market)

and corresponding fit for Ge, Cu and Fe respectively

Fourier transform of EXAFS signal for germanite at Ge, Cu and Fe K-edges are shown in
Figure 1 part b), c) and d) respectively. The spectra at Ge and Cu edges mainly consists of
a strong component between 1 and 2.5 A, corresponding to the first shell, i.e. four S atoms,
and an envelope of more components between 3 and 5 A corresponding to the second shell
and the multiple scattering that, in the absence of a precise structure is impossible to fit.
Comparing the Ge and Cu spectra, it is possible to notice a certain similitude in the spectral
shape, but with a lower intensity of the latter signal. Such a variation could be ascribed to



static disorder induced by the presence of Cu in several crystallographic sites while Ge
atoms keep a more homogeneous local environment. From the EXAFS analysis of the first
shell (Table 1), this site heterogeneity is also emerging, with the Debye-Waller factor of
Cu significantly higher than the one of Ge. The refined distances showed a difference of +
0.05 A passing from Ge to Cu (from 2.24(2) to 2.292(6) A) respectively, in fair agreement with
typical Ge-S and Cu-S distances encountered in such compounds.”’

Differently, for the Fe edge signal, a supplementary contribution could be noted at 2.4 A
(not phase corrected). From refinement, this contribution could be ascribed to the scattering
of a metal cation at the distance of 2.72 A. Note that in the fit, it is impossible to
discriminate Fe, Cu, or Ge). Such distance is significantly large for the first shell
coordination and way smaller than the typical distance between the center of two
successive tetrahedra in the sphalerite network (~3.72 A). Consequently, this can be
ascribed to the occupation of the interstitial site (2a) by Fe atoms. This assumption is

Table 1 Summary of the parameters obtained by combined least-square refinements of y(k)
measured at the Ge, Cu, and Fe K-edges for synthetic germanite CusFesGesS3. N, SZ, R, 6” and
AE, correspond to degeneracy, passive electron reduction function, distance, mean square
relative displacements, and shift in the edge energy, respectively.
Edge Path 2 N R@A) 62 AE(eV) R-factor k-range r-range
Ge |S 1.01(6) | 4 [ 2242) [0.0034(8) [ 6.5(7) | 0.015 3-14 [ 1-25
Cu |S 0.68(4) | 4 | 2.292(6) | 0.0069(8) | 3.4(6) | 0.008 3-15 | 1-3

S 0.8(1) | 4 | 227(1) | 0.0050(6) | 2.8(8)

Fe  eu 0177 [ 6 | 272(2) | 0.0062) | 2838) | 2006 3-13 ) 1-3

supported by the equivalent metal-metal interatomic distances encountered in the
tetrahedral-octahedral [FeSs]Ms complexes (M = Fe, Cu) of structurally related
compounds,”’  including  mawsonite,”’  talnakhite = CuoFesSis,’®  renierite
Cuz0Zn2FesGesS32,” mooihoekite CugFeoS16%° and haycockite CusFesSs ®!

The refined amplitude reduction factor corresponding to such contribution is around % of
the one for the first shell, meaning that only % of Fe atoms are located on interstitial
position of the sphalerite network. Taking into account that the multiplicity of the
interstitial site in germanite is 2 (2a site) and that the Fe stoichiometry is 8, this indicates
that the 2a site is fully occupied by Fe atoms.

3.2. SYNCHROTRON POWDER DIFFRACTION

Synthetic germanite Cux2FesGesS32 appears as a highly crystalline solid crystallizing in the
space group P43n”¢ with high purity as shown by Le Bail fit of the laboratory PXRD data
(Figure S1).

Space group P43n (No 218) is a subgroup of F43m (No 216) with transformation matrix
(2a, 2b, 2¢; 0, 0, ¥4), in which the sphalerite WyckofT site 4a (referring to F43m) occupied
by cations is split into the crystallographic sites 6c, 6d, 8¢ and 12f (referring to P43n, see
Figure S2). These four crystallographic sites, forming the sphalerite network of germanite,
are completed by the “interstitial” 2a site (referring to P43n) to fully describe the
germanite structure. Consequently, the reflections of germanite could be divided into base



reflections and superstructure reflections, the former describing the average sphalerite
structure and the latter describing its occupational and/or displacive modulation.

The gain in resolution given by synchrotron powder diffraction with a crystal analyzer
setup (Figure 2), showed that the synthetic germanite sample prepared by sealed tube
synthesis® should be interpreted as a composite material composed of several phases. Two
or three or even more, low crystallinity phases ascribed to disordered sphalerite type phases
(F43m, a~5.3 A) and one majoritarian (from the intensity ratio of peaks > 80 %) extremely
crystalline (P43n, a = 10.595 A). Due to the symmetry relationship between the two space
groups, and the similar sphalerite structure periodicity, the base reflections of the
crystalline phase are heavily superimposed with the peaks of the low-crystalline phases.
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This fact precludes to study the cation ordering of the high crystalline phase by
conventional combined Rietveld refinement of X-ray resonant diffraction data and Fourier
difference method.The intensity evaluation of basic reflections is not reliable enough for
the optimization of sites occupancy, although the intensities of superstructure reflections,
describing the cation ordering, are available. For such reasons, we developed an alternative
approach inspired by combinatorial chemistry that consists of the direct test of all physical
and chemically sensible models over experimental data. Such approach allow combining
the information coming from patterns collected at different energies, thus avoiding refining
site occupation.

3.3. COMBINATORIAL APPROACH

The method is based on two modules written in python language: (i) the models module
that takes care of model creation and ordering; (ii) the python parser for the FullProf®
input and output, able to interface with models object.

The models module is based on the standard itertools python library, which implements
efficiently permutation algorithm to which was associated some filtering and ordering



algorithms. Its functioning can easily be illustrated for Fe atoms in germanite case. Without
any a priori information, the number of possible arrangements of 8 Fe atoms over the five
cationic Wyckoff sites of germanite (2a, 6¢, 6d, 8e and 12f) corresponds to the binomial

coefficient (182) e.g. 495 unique combination: (aaccdddd), (aaccddde), (aaccdddyf),

(aaccddee), (aaccddef), (aaccddff) ...... , however 136 sequences must be excluded as they
do not respect the sites multiplicity, e.g. more than 2 atoms in a site, and consequently
only 359 configurations are physically possible. The FullProf python parser is a module
that iterates along a sequence of configuration and performs a structural refinement
(Rietveld or single crystal), collects the results, and connects them to each configuration.
At the end of the run, only the models respecting a set of requirements, e.g. good
accordance with all the data and/or the absence of not-physical parameter values, are
retained. The use of such an approach has been documented in a set of Jupyter notebooks
available as Electronic Supporting Information.

In the present case, synthetic germanite with stoichiometry Cux:FesGesS32 generates 17928
possible cationic arrangements. Such numbers result from the multiplication of the 359
possible models of Fe with the 65 possible models for Ge and filtered again to respect the
Wyckoff sites multiplicity. The batch refinements of one dataset for such a number of
configurations are manageable by a modern powerful computer in a time-lapse spanning
from a couple of hours to half a day depending on the dataset and the refined parameters.
However, in the present work, we choose to present a more iterative approach allowing to
speed up significantly the process (a few minutes for calculation) and underlining the
strength of resonant diffraction. For germanite, four datasets were available: (i) a low
quality laboratory single-crystal dataset, (ii) a synchrotron powder diffraction dataset
collected around the Cu edge, (iii) a synchrotron powder diffraction dataset collected
around the Ge edge and (iv) a synchrotron powder diffraction dataset collected at 21 keV,
using a high-resolution setup.

Single crystal dataset A unique single crystal of germanite of very small size (< 0.02 x
0.02 x 0.02 mm?) has been found in one of sealed tube synthesis batch. The data obtained,
although acquired with high integration time, were of low quality (1148 reflections above
20) and consequently were not good enough to fully solve the cationic ordering. However,
since Ge*" and Cu" are isoelectronic, and only 4 Ge*" and 2 Cu?" cations occupy the unit
cell, it is reasonable to approximate that the contrast mainly originates from the Fe** cations.
Hence Cu* and Ge*" were considered to be the same scatterer (Cu), reducing the number
of configurations to only 360 to investigate Fe ordering.

Figure 3 shows the RF? agreement factor from single-crystal diffraction refinement (details
of the refinement are included in Supporting Information) as a function of the model
number. As shown in Figure 3a, there is a significant reduction of the RF? agreement factor
when the site 2a site is fully occupied by Fe (the lower the agreement factor is, the better
the model fits the data), in agreement with the results from EXAFS analysis at Fe K-edge.
This supports the approximation made for single crystal analysis and also confirms that the
Tettenhorst model for natural germanite,*? in which the site 2a is occupied by Cu, is not
representative of synthetic germanite. Consequently, this result confirms that the two
cationic distributions initially proposed for synthetic germanite Cux2FesGesS3; are wrong. 26



Figure 3b shows that the quality of the fit is dependent on the Fe content of the site 12f;
higher Fe content leads to better fits. Consequently, we hypothesize that at least two Fe
atoms occupy the site 12/, Even though the RF? is clearly improved at higher Fe content,
we set the constraint low considering the possible error induced by ignoring the scattering
difference between Cu and Ge. Taking into account these new insights, the number of
possible configurations for cation ordering in germanite passes from 17928 to 1211.
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Figure 3. RF? agreement factors from single-crystal diffraction refinement as a function
of the configuration number. Part a) and part b) models colored as a function of the
number of Fe on site 2a and 12f, respectively.

Ge and Cu resonant diffraction: The number of possible configurations could be further
reduced just by a preliminary inspection of patterns collected near the Ge K-edge (Figure
4). As visible, the reflection (210), almost extinct in the pattern collected at 1.1209 A (i.e.
in the non-resonant diffraction conditions), increases its intensity proportionally with the
decrease of the f” factor (i.e. in the resonant diffraction conditions).

Considering the structure factor of the reflection (210),

—2im ((2,1,0)-1¢, —2im ((2,1,0)1g. =~ o~
F(210) = 38 f, e @07 yyof, o7 @IOTY) o F _F
where fc]- ( fdj) is the atomic form factor for the /™ atom located on the 6¢ (6d) site and f.

(f;) is the average atomic form factor for all atoms located on the 6¢ (6d) site. In non-
resonant diffraction conditions, reflection (210) is always very small due to the similarity
of Ge*" Cu’ and Fe** atomic form factors and the negligible ADP difference. However,
approaching the Ge K-edge its intensity significantly (Figure 4) increase. In such energy
range, the atomic form factors of Ge** decrease and acquire a positive small imaginary part
while the other atomic form factors remain constant. As a consequence, the increase of the
(210) intensity approaching the Ge K-edge could be only explained by a difference in Ge
occupation on 6¢ and 6d sites. Considering the magnitude of anomalous correction factors,
the 6¢ and 6d sites should differ by at least 2 Ge atoms. Such condition further reduces the
number of possible configurations from 1211 to 476.
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Figure 4. Part a) zoom on the superstructure peaks of XRD patterns of germanite
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To take into account simultaneously all the resonant effects, a set of data has been created.
This set is composed by (i) the equally weighted superstructure region of the synchrotron
powder X-ray diffraction patterns collected at 1.3820 A and 1.3807 A (near Cu K-edge),
1.1172 A and 1.1166 A (near Ge K-edge), 0.5817 A (far from any edges) and (ii) the single
crystal X-ray diffraction data. The first four synchrotron PXRD patterns allow to take into
account resonant effects at Cu and Ge K-edges while the fifth has been collected in a region
far from resonant effects. The four resonant wavelengths have been chosen just before and
at the bottom of the absorption edges in order to obtain significantly different values for
but a small /*’ factor, i.e. minimize the absorption and fluorescence. Due to the low quality
of the single crystal and the limitation of the apparatus used, the signal-to-noise ratio for
the integrated intensities of single-crystal diffraction is generally lower than the intensity
extracted from synchrotron powder diffraction. As a consequence, the use of single-crystal
data presents a limited effect on the statistic of the refinement, but significantly reduce the
correlation of fitting parameters.
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Figure 5. Global y* (Bragg contribution) agreement factor from the composite set of
diffraction data refinement as a function of the configuration number. Part a), b), c) and
d) models colored as a function of the number of Ge on site 6d, 6¢, 8¢ and 12f
respectively

Rapid screening of the 476 models (~ 2 min) could be performed by using the structural
model (positions and ADP) from the best preliminary single crystal refinement, thus
allowing to refine only the scales factors (more details in SI). The correlated evolution of
the combined y? as a function of the model number is shown in Figure S3 and Figure S4.
The following characteristics seem to favor a low global ¥ agreement factor: (i) a high
concentration of Ge on either 6¢ site or 6d site (Figure S3) and (ii) the localization of Fe
mainly on the 12f site (Figure S4). However, it is also worth of noting that the possible
correlation between the cationic site occupations and cartesian coordinates of sulfur atoms
and sites e and f, could partially change the agreement factors. This explains the slightly
better y? values observed for high concentration of Ge on the 6d site compared to 6c site.
For this reason, we used such a screening only to further restrict the group of possible
configurations, i.e. to yield the “best” 150 configurations, with global user weighted ¥*
(Bragg contribution) < 10.

The group of these selected 150 configurations has been successively tested refining also
cartesian positions, and ADP (~ 4 min), and the evolution of the combined ¥ as a function
of the model number is shown in Figure 5 and Figure S5. As expected, the agreement
factors were globally improved by the correlation effect among fitting parameters, the



relative difference of agreement between models has been varied, as in particular for
models with 4 Ge atoms on site 6¢c. However, the general order of models is maintained
confirming the choice to limit the refinement to only the “best” 150 models (Figure S6).
The 10 models leading to the lowest global y* agreement factors are listed in Table 2.

Table 2. Best models of cationic distribution with nominal stochiometry for synthetic germanite
CuxFesGesSan.

Models x* Bragg

2a 6d 6¢ 12f 8e

Fe; Cus GesFe; FesCus Cug 4.21
Fe; Fe,Ges Cus FesCus Cug 421
Fe, Fe GesCuy Cus FesCug FeiCuy 4.22
Fe» Cus GesFeiCuy Fe4Cug FeiCuy 4.22
Fe» Fe Ges Cus Fe;Cug FeiCuy 4.24
Fe» Cus GesFer FesCuy FeCuy 4.25
Fe» Fe GesCuy Fe Cus FesCuy FeCuy 4.38
Fe» Fe Cus GesFeiCuy FesCuy FeCuy 4.38
Fe» Fe Cus GesFeiCuy FesCug Cus 4.42
Fe» Fe GesCuy Fe Cus FesCug Cug 4.43

These ten cationic distributions do not present any unphysical value for ADP and atoms
positions and the order presents some common characteristics. First, the 6 remainging Fe
atoms (2 Fe atoms being on the 2a site) are mainly on the 12f'site. Second, all Ge atoms
are located either on the 6d site or 6¢ site. The equivalence between 6d site and 6¢ site is
explained by symmetry consideration; the point group symmetry for both sites is 4 and it
is possible to obtain an equivalent atomic configuration just by swapping the two sites.
However, also if such cation distributions appear reasonable, it is not able to reproduce the
increase in intensity of the reflection (210) approaching the Ge K-edge, the calculated
intensity remaining lower than the experimental values (Figure 6). Knowing that
F(210) = f, — f; and that the best models already comprise the maximum difference in
Ge atoms between the 6¢ and 6d sites, the mismatch in the evolution of the (210) intensity
suggests that the highly crystalline component of synthetic germanite presents a deviation
from the nominal composition CuxFesGesS32 to a Ge-rich composition. Note that a
deviation from the nominal stoichiometry of synthetic germanite was already suggested in
priror ’Fe Mdssbauer spectroscopy analyses®*. To investigate such hypotheses, we
repeated the refinement also for stoichiometries Cux2Fe7GesS32 and CuxoFesGesSso. Note
that Fe for Ge substitution (up to 2 atoms) leads to stoichiometries respecting the charge
balance, while the Ge for Cu substitution does not. Taking into account the full occupation
of the site 2a by Fe atoms and the symmetry equivalence of the 64 and 6c sites, imposing
that all Ge atoms are either in 6d or 6c sites, results into 36 and 15 cationic configurations
for CuxnFesGesS32 and CuxnFesGesSs32, respectively.
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Figure 6. Rietvel refinement for model [Fe:]o[Cus]c[GesFer]sFesCus]{Cus]e, data
collected at 20 eV and 5 eV before the Ge K-edge

The result of the refinements is shown in Figure 7. The enrichment in Ge of the 64 site (or
6¢) generates an average lowering of the agreement factor. Moreover, the hypothesis of a
germanium enrichment of the synthetic germanite is also supported by the chemical
composition of numerus natural germanite samples®® and the existence of other structurally
related mineral phases with a global germanium content of 6 over 34 metallic atoms per
formula  unit, including  maikainite = CuoMoz(Fe,Cu)sGeeS32,3*  ovamboite
Cu20W2(Fe,Cu,Zn)sGeeS32,%* and colusite Cuxe7>GesS32 (T = V, Nb, Ta, Cr, Mo,
W)13:14.16,19.38.85.86 The best 10 models for these two enriched Ge stoichiometries are listed
in Table 3. The agreement factors are not reliable enough to definitively discriminate
between the two compositions and the possibility of intermediate composition cannot be
excluded, although the 2a ADP values for stoichiometry CuxFesGesS32 present suspicious
Biso values (lower than 0.31 A?), and consequently, supports the stoichiometry
CuxFe;GesS3o. From a site occupation point of view, the general trend established in
previous refinements is maintained with the preferential occupation of the 12f site by Fe

CuzyGesFerSs3; Cuz2GegFesSs:
m Fef0 = m Fefo
Fe f:1 Fe f:1 b
g{ m Fef2 a) g{ m Fef2 )
m Fef3 m Fef3
m Fefd = . m Fefd n
m Fef5
LA |
[ ] s U
7 7{m
n - =
[] " ]
6 6
* *
]
[]
5 - - 5
[ []
] n [ ]
L ]
[]
[] . "
4 4
n = = ]
u n
3 3
0 5 10 15 20 25 30 35 0 2 4 6 8 10 12 14
model nb. model nb.

Figure 7. Global y* (Bragg contribution) agreement factor from the composite set of
diffraction data refinement as a function of the configuration number. Part a) Nominal
composition Cux2Fe;GesS32 b) Nominal composition CuxFesGesS32



atoms and a slight preference for Fe, in respect to Cu, for sharing the 6d/6¢ site with Ge.
In the light of such considerations, and taking into account (i) the observation of EXAFS
spectra that suggests a lower disorder configuration for Ge atoms in respect to Cu, and (ii)
the similar interatomic distances with sulfur of Fe’* and Ge*' cations in tetrahedral
coordination,?” the more reliable models for the crystalline component of synthetic
germanite are [Fex]o[Cus]c[GesxFerx]a[FesCus][Cus]. or the equivalents [Fex]o[GessxFeo-
xJe[Cus]a[Fe4Cus][Cus]. (symmetry conjugate), with x =0, 1 or 2.

It is particularly interesting to note that the partial substitution of Fe by Ge suspected in
synthetic germanite is counterbalanced by a decrease in the Cu?"/Cu’ ratio. This
observation is of particular interest comparing present XANES data at Cu K-edge with the
one collected on natural germanite.”* Indeed the small shoulder present at 8979 eV is
ascribed to the pre-edge peak ls — 3d and it is only active for Cu?" atoms, and
consequently its intensity is proportional to the concentration of Cu?". In the case of natural
germanite studied by Belissont et al.”* the intensity of the shoulder is significantly lower
than in the present synthetic germanite.

Table 3 Best models of cationic distribution with Ge enriched stochiometries CuxFe;GesSs,
and CuxnFesGesS3: (light grey overshadow)

Models ¥? Bragg
2a 6d 6¢ 12f 8e -
Fex Ges Cus FeaCus Cus 3.69
Fex GesFel Cus FeaCus Cus 3.75
Fex GesFer Cus FesCuo FeiCuy 3.84
Fex Ges Cus Fe3Cuo FeiCur 3.86
Fex GesCui Cus FesCus FeiCuy 391
Fex Ges FeiCus Fe3Cuo Cus 3.94
Fex GesCui FeiCus FeaCus Cus 4.01
Fex GesCu FeiCus Fe3Cuo FeiCuwr 4.04
Fex GesFe FeiCus Fe3Cuo Cus 4.05
Fe: GesCu Cus FesCur Cus 4.16

Effectively, as mentioned in the previous work,?® the control of Cu?" concentration is a
fundamental parameter to obtain “pure” and crystalline materials, and the synthesis of
germanite poorer in Fe, such as CuzsGesFesS32, were impossible.

The proposed cation distribution has also an another interesting consequence, indeed it
demonstrates that germanite CuxFesGesS32(P43n) is a disordered structure of renierite
Cuz0Zn>GesS32 (P42c¢), if Zn atoms are replaced by Cu (see Figure 8a). Space group P42c
is a translationengleiche subgroups of index 3 of the space group P43n with
transformation matrix (a’= a, b’=b, c¢’=c, origin shift=(0, 2, Y4)). Mutatis mutandis the
structure of Bernstein et al.” the splitting of the Wyckoff positions and the occupations of
both structure is shown in Figure 8b. Neglecting strain deformation, the preferential site
occupation for Fe, Ge and Zn on 4i, 4g and 2e sites (P42c) are responsible of the lowering
in symmetry and in particular of the loss of the axis 3*111. Pavan Kumar et al.>* shown that
the balance between the two structures is mainly related to the Zn stoichiometry; however,



a possible enrichment in Ge will tend to reduce the cation ordering between site 4g and 2f.
Moreover in the approximation that the structural relationship is maintained between the
two groups, the Cu?* atoms replacing Zn?>" should be hosted on site 6¢ in germanite.

a} Foe Zn % cu b)

__germanite renierite

f f P43n P42c
f & 4 Cuq
8 & 8 & & f 12f | CusFes ::_n gg:
f ﬁ f f f 0 8e Cus 8n Cus
& Yy Y. 6d | GeiFe; (oI — 2%
F & |5 o o =
2
\ /\ / 2a | Fe; 2d Fe,

renierite germanite
Figure 8. Part a): Structural relationship between Renierite (red lines cell) and Gemanite
(black lines cell) with cation ordering [Fe2][Cus][GesFer]a[FesCus]{Cusle. Zn atoms
are replaced by Cu. Sulfur atom are not present for sake of simplicity. Part b) splitting
of Wyckoff sites from germanite to renierite.

4. CONCLUSION

Using the complementarity between X-ray absorption spectroscopy and resonant powder
X-ray diffraction, we have resolved the cationic distribution of synthetic germanite thank
to the development of an approach based on a systematic testing of all possible cationic
ordering models. Each possible cationic ordering model is tested through combined
Rietveld refinement of resonant X-ray data at selected edges and analyzed considering its
global y*> (Bragg contribution) agreement factor. This approach can easily integrate
information coming from other techniques, as in our case EXAFS spectroscopy and single
crystal X-ray diffraction, allowing to highlight structural features which can be considered
to reduce the number of structural models to be tested. In spite of the complexity of the
title material (equivalent atomic form factor and chemical environment of the cations,
multiple cationic sites, and mixed site occupancy), we were able to define the main
characteristics of the cationic ordering of synthetic germanite (space group P43n): (i) the
“Interstitial” site 2a is fully occupied by Fe, (ii) Ge is located only on the 64 site (or the
symmetry equivalent one 6¢), (iii) remaining Fe atoms are located preferentially on the 12f
site and possibly on the 6d (or 6¢) site along with Ge. Moreover, we single out a probable
enrichment of Ge at the expense of Fe in synthetic germanite. This deviation to the nominal
composition is related to the detection, by high-resolution synchrotron powder X-ray
diffraction data, of a low crystalline phase of sphalerite structure (F43m). Consequently,
the most reliable cationic distribution, [Fez]s[Cug]c[Ges+xFerx]a[ Cus]e[Fe4Cus]r(with x =0,
1 or 2), that we propose for synthetic germanite CuxFes.xGes+xS32, strongly deviates from



the  structural model proposed by  Tettenhorst and  Corbato** ie.
[Cuz][Cug]c[Cusa[ GesFea]e[ Cuiz]r for natural germanite CuzsFesGesSso.

This new structural description of germanite will be of prime interest to explain the
different electronic transport properties encountered in the structurally related germanite
and colusite systems, and will be the starting point of further correction of probably
erroneous cationic distribution reported in related mineral phases involving highly unlikely
d' interstitial T atoms, i.e. Cu®, in their tetrahedral-octahedral [TS4]Ms (M = Cu, Fe)
complexes.

On a technical point of view, the approach presents a clear interest for the study of cation
ordering in material chemistry. Actually, in less complex materials such an approach
allows a comprehensive investigation of cation ordering with the minimal background in
crystallography. Moreover, it is worth noticing that the association of powder diffraction
capability on X-ray absorption beamline is more and more common and consequently the
acquisition of resonant diffraction data will become more widespread and conventional.
Python libraries and few examples of Jupyter notebook will be available as supporting
information, with the scope of reproduction of the analysis and help for the reader
interested in the application of such an approach.
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